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The  studies  of Avery  and  Heidelberger  (1)  have  shown  that  in 
Pneumococcus there are present in the capsule certain chemical sub- 
stances, soluble polysaccharides, which are specific for each of Types I, 
II, and III.  Furthermore, there appears to be a relationship between 
the virulence of the organism and the presence of the capsule.  The 
so called S form of the Pneumococcus is the organism with its capsule 
intact; and it contains the specific polysaccharide.  When the S form 
becomes transformed into the so called R form of Pneumococcus, it has 
lost its capsule, and as a consequence of this, its soluble polysaccharide, 
its type specificity, and its virulence as well. 
It was considered of interest to study the metabolism of the Pneu- 
mococcus to ascertain whether variations in metabolism occur in the 
several types, and whether differences in the virulence are associated 
with differences in the metabolic activity of the organism.  Studies 
were therefore undertaken of the respiratory and glycolytic function of 
S and R forms of Pneumococcus. 
In the first part of this paper are recorded the results of these studies 
upon the  S  forms of Pneumococcus, Types I,  II,  and  III.  In the 
second part of this paper are given the results of the studies upon the R 
forms derived from Types I, II, and III. 
Methods 
For measuring respiration and glycolysis (the splitting of glucose to 
lactic acid) the method described by Warburg (2), and used by Meyer- 
hof and Finkle (3) in their studies of respiration and glycolysis of lactic 
acid producing bacteria, was employed. 
The pneumoeocci were grown on phosphate broth of pH 7.8, free of glucose and 
incubated  at  37.5°C.  Cultures  incubated at periods  ranging between  6 and 12 
hours were used. 
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Strains from different sources were used, without variations i~a results. 
The  cultures  were  centrifuged  and  washed  with  either  Ringer  solution,  or 
physiological saline solution, and were then resuspended in just sufficient Ringer 
solution to give a fairly thick emulsion of bacteria.  Samples were taken to de- 
termine the dry weight of given volumes of bacterial suspension. 
The oxygen consumption and lactic acid production were measured in Ringer 
solution to which was added the emulsion of bacteria, NaHCO8 and glucose, the 
latter in accordance with the requirements of the individual experiments. 1  Anae- 
robic glycolysis was measured in an atmosphere of 95 per cent Nz and 5 per cent 
COs, the bicarbonate concentration being such as to give a pH of approximately 
7.8.  The aerobic glycolysis was measured in an atmosphere of 95 per cent 02 and 
5 per cent CO~.  The glucose concentration was 0.05 per cent where not otherwise 
stated. 
TABLE  I 
Respiration of Pneumococcus Type II in Plain Ringer, and Ringer Solution 
Containing Glucose 
0.5 cc. bacterial emulsion  0.5 cc. bacterial emulsion 
0.5 co. bacterial emulsion  in Ringer solution,  in Ringer solution. 
Time in min.  in Ringer solution.  Glucose concentration  Glucose concentration  No glucose present.  0.001 per cent c. ram.  0.1 per cent c. ram. 
c. ram. 02 consumed  02 consumed  02 consumed 
15  4  7  97 
15  I  1  40 
15  2  2  20 
Total 02 consumed 
in 45 rain ........  7  10  157 
I.  Studies on S  Forms of Pneumococcus 
Influence of Glucose upon Respiration 
To determine  whether  the oxygen consumption is  dependent  upon 
the  presence  of glucose,  the  respiration  was  studied  in  glucose  free 
1 By the method here employed the acid produced is determined manometrically 
by measuring the CO, produced in  the presence of NaHCO8 in accordance with 
the following equation. 
NaHCOa +  H + lactate- =  Na+lactate -  +  H20 +  COs 1' 
The production of 1 c.mm. of C.O2  indicates that 0.004 rag. of lactic acid has been 
produced in the fermentation of glucose by the Pneumococcus.  While the method 
is not specific for lactic acid, it is known from chemical determinations that lactic 
acid is the acid produced in the fermentation of glucose by the Pneumococcus. PHILIP  FINKLE  663 
Ringer, and in Ringer to which glucose had been added.  The results 
of a typical experiment are recorded in Table I. 
It is evident (Table I) that the presence of glucose results in an enor- 
mous (22 fold) increase in respiration.  The oxygen consumed in the 
absence of glucose in 45 minutes is 7 c.mm. as compared to 157 c.mm. 
in the presence of 0.1 per cent glucose. 
The fact that respiration practically disappears in the absence of 
sugar is interesting in the light of the work of Cole (4).  He showed 
that living pneumococci are able to transform hemoglobin into meth- 
emoglobin in the presence of oxygen only if sugar is present.  Appar- 
TABLE  II 
Ed~ect of Varying pH's upon Oxygen Consumption of Pneumococcus Type I 
0.5 cc. of bacterial emulsion suspended in 1.5 cc. Ringer solution containing 
0.05 per cent glucose, and buffered with phosphate buffers 
Time in rain. 
pH 6.03  pH  7.01  pH  7.8  pH  8.1 
C. ram. Oz  c. turn. O2  c. mm. Os  c. ram. 02 
10 
10 
10 
10 
10 
10 
10 
119 
81 
68 
35 
11 
0 
0 
95 
71 
85 
69 
70 
70 
67 
107 
96 
105 
87 
81 
74 
60 
98 
98 
112 
92 
81 
63 
44 
Total in the 70 
min ........  314  527  610  588 
ently  the  conditions  necessary  for  respiration  and  methemoglobin 
formation are identical. 
Effect of Varying pH upon Respiration 
The optimum hydrogen ion concentration for growth of the Pneu- 
mococcus is pH 7.8.  The question arises whether the respiration of 
the organism is influenced by variations in pH, and whether the maxi- 
mum respiratory activity occurs at the pH which is optimal for growth. 
Table II gives the results of experiments to determine this point. 
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cally equal intensity in pH's from 6.03 to 8.1, it decreases with time, 
most rapidly at the acid pH 6.03 and least rapidly at pH 7.81. 
The minimum oxygen consumption in 1 hour and 10 minutes is 314 
mm. at pH  6.03,  and  the maximum is 610 at pH 7.81.  The greatest 
respiratory activity occurs at that pH which is optimal for growth of 
the organism. 
Respiration and Glycolysis 
The classic work of Meyerhof (5) has demonstrated the r61e played by oxygen 
in the carbohydrate metabolism of muscle.  Muscular contraction is followed by 
production of lactic acid.  The same cycle takes place in muscle at rest.  Glycoly- 
sis, or the splitting of carbohydrate to lactic acid, occurs anaerobically, but  the 
recovery is aerobic. 
In the recovery phase lactic acid disappears,  being reconverted  to glycogen, 
while only a fraction of the lactic acid (or equivalent) is oxidized  completely.  The 
ratio Quantity of lactic acid disappearing has been designated by Meyerhof the 
Equivalent of lactic oxidized 
oxidation quotient of lactic acid.  In muscle at work this quotient is 4 to 5; in 
resting muscle it is about 3.  In other words,  for every mol of lactic acid or its 
equivalent that is oxidized during the recovery period, 4 to 5 tools of lactic acid 
disappear, being reconverted to glycogen.  In resting,muscle, for  every tool of 
lactic acid oxidized,  about 3 tools of lactic acid are prevented from being formed. 
Warburg  and  coworkers  (6)  have shown  that  a  similar  relationship  exists 
between oxygen consumption and lactic acid disappearance in the case of the vari- 
ous tissues of warm blooded animals, when those tissues are permitted to respire 
in  the presence of glucose.  In the case of those tissues studied  the  Meyerhof 
quotient holds true, namely that the utilization of a quantity of oxygen sufficient to 
burn a given amount of lactic acid (or equivalent) prevents the formation of from 
three to six times that quantity of lactic acid.  This was shown by comparing the 
aerobic and  anaerobic glycolysis,  and oxygen respired by equivalent  weights of 
tissue in a given time interval. 
It is interesting that lactic acid production is relatively great in  the case of 
growing  cells.  In  those  cells  in  which  growth  is  orderly--conforming to  the 
pattern of the organism--the respiration is of sufficient magnitude to prevent the 
appearance of lactic acid in the presence of oxygen.  This is not true in the case of 
pathological growth.  Carcinoma is an extreme case in which  the  appearance of 
lactic acid is diminished only about 20 per cent in the presence of oxygen.  Here 
the oxygen consumption does not suffice to prevent the appearance of lactic acid. 
Meyerhof and Finkle  (3) have shown for two varieties of lactic acid 
producing  bacteria,  (a)  the  aerobic  Vibrio  metchnikovii,  and  (b)  the 
facultative anaerobe, Bacillus acidificans, that the formation of lactic PHILIP  I~INKLE  665 
acid  is  suppressed  by oxygen consumption  in  the  ratio  expressed by 
the  Meyerhof quotient. 
In the studies recorded here it was undertaken to determine to what 
extent  the  Pneumococcus  Types I, II, and III  effect glycolysis, how 
the  glycolysis is influenced by the  utilization of oxygen, and whether 
TABLE  III 
Respiration,  Anaerobic, and Aerobic Glycolysis of Pneumococcus Type I 
Anaerobic  Aerobic 
s  Respiration per  glycolysis per  glycolysis per  Oxidation 
Experiment No.  Time in rain.  rag. bacteria in  rag. bacteria in  nag. bacteria in  quotient 
c. rom. O~  c. ram. CO2  c. tara. CO2  Meyerhof 
30 
30 
30 
30 
30 
60 
37 
58 
46 
69 
113 
142 
148 
173 
188 
29 
39 
70 
88 
64 
Average  ....  30  54  153  58  5.4 
TABLE  IV 
Respiration,  Anaerobic  and Aerobic Glycolysis of Pneumococcus Type II 
Anaerobic  Aerobic  Respiration per  glycolysis  per  glycolysis  per  Oxidation  Experiment  No.  Time  in mln.  nag. bacteria  in  rag.  bacteria  in  rag.  bacteria  in  quotient 
c.mm. O~  c.mm. COz  c.mm. COa 
1  • 
2 
3 
4 
Average... 
30 
30 
30 
30 
30 
181 
138 
130 
99 
137 
155 
204 
150 
143 
I  163 
2 
0 
0 
5* 
3.5 
* These figures  for aerobic glycolysis are vanishingly small as  compared to 
glycolysis  of 163, and so may be disregarded. 
these  relationships  differ among  these  3  types.  The results of these 
studies  are  condensed  in  Tables  III,  IV,  and  V  for  Pneumococcus 
Types I, II, and III respectively. 
Pneumococcus Type I  (Table III) utilizes on the average about 54 
c.mm. 02 per mg. of bacteria per ½ hour.  In the same period, the an- 
aerobic lactic acid production,  expressed in  c.mm.  CO2, is 153  (0.611 666  METABOLISM  OF  S  AND  R  PNEUMOCOCCUS 
mg. lactic acid) while the aerobic lactic acid production is 58  (0.232 
mg. lactic acid).  The lactic acid production is  suppressed only 62 
per  cent in  the presence of oxygen.  The respiration is  apparently 
not sufficient to completely inhibit lactic acid formation aerobically. 
Hence, Pneumococcus Type I  has the capacity for aerobic glycolysis. 
It is a clear from Table IV that while the capacity of Pneumococcus 
Type II to produce lactic acid is practically of the same order as that 
of Type I, there is no g]ycolysis in the presence of oxygen.  The oxida- 
tion  quotient is  3.5.  The  respiration is  of sufficient magnitude to 
completely suppress lactic acid formation.  The ~ype II Pneumococ- 
TABLE  V 
Respiration, Anaerobic, and Aerobic Glycolysis of Pneumococcus Type III 
Anaerobic  Aerobic 
Respleation  per  glycolysis per  glycolysis per  Oxidation 
Experiment No.  Time in rain.  nag. bacteria in  mg. bacteria in  rag.  bacteria in  quotient 
c.mm. 02  c.mm. CO:  c.mm. CO: 
1  30  91  145  0 
2  30  116  161  0 
3  30  65  167  3 
4  30  118  122  4 
Average...  30  97  149  --  4.8 
cus  utilizes  137  c.mm. 02 per  mg.  bacteria.  The  anaerobic  lactic 
acid production, expressed in c.mm. C02, is 163.  There is no aerobic 
production of lactic acid. 
Pneumococcus Type III  (Table V)  effects glycolysis anaerobically 
at the same ratOas do Types I and II, but it has no capacity for aerobic 
glycolysis.  The anaerobic glycolysis per mg. bacteria in ½  hour is 149; 
and 97 c.mm. 02 is utilized for the same weight and time.  The Meyer- 
hof quotient is 4.8.  The respiration is of sufficient magnitude to com- 
pletely suppress lactic acid formation aerobically. 
The results shown in Tables III, IV, and V are condensed in Table 
VI,  for  the purpose of comparing the respiration and glycolysis of 
Pneumococcus  Types I, II, and III. 
It is clear (Tables VI) that Pneumococcus Type I differs from Types 
II and III in that it has a high capacity for aerobic glycolysis, about 
40  per  cent  of  the  anaerobic level.  This  is  due  to  its  diminished PHILIP  I.~INKLE  667 
capacity for respiration as compared to Types II and III.  In respira- 
tion it utilizes 37 per cent as much oxygen as does Type II and about 
55 per cent as much as Type III.  Type III in turn has approximately 
70 per cent the capacity of Type II for utilizing oxygen.  Only in their 
power to effect glycolysis anaerobically do the three groups resemble 
one another. 
TABLE  VI 
Comparison of Respiration and Glycolysis of Pneumococcus Types I, II, and III 
Pneumococcus  type  Respiration,  Anaerobic  glycolysis,[ Aerobic  glycolysis,  Depression  of 
c.mm. Ot  c.mm. COs  I  c.mm. CO2  glycoiysis  by Os 
I 
per cent 
I  54  153  ]  58  62 
i 
II  137  163  i  0  100 
III  97  149  I  0  100 
Energy Set  Free.from Respiration and Glycolysis 
It is of interest to compare the energy set free by oxidation with 
that of glycolysis.  The energy set free in the cell upon the utilization 
of 1 c.mm. O~ is 4.8 x 10  -8 calories.  Glycolysis takes place in accord- 
ance with the following equation: 
C~II,O~2C~I60, 
The energy set free in glycolysis calculated from the heats of combus- 
tion of glucose and of lactic acid is 0.13  calory per rag. glucose fer- 
mented or rag. lactic acid produced. 
TABLE  VII 
Energy Set Free  from Respiration and Anaerobic Glycolysls 
Pneumococcus S 
TypeI 
Type II 
Type III 
Energy in calories per nag.  bacteria  Energy in calories per n~. bacteria 
per ½  hr. from respiration  per ~ hr. from anaerobic glycolysls 
0. 259  0. 079 
0.657  0.084 
0.465  0.077 
It is seen (Table VII) that the energy set free in anaerobic glycolysis 
per rag. bacteria per ½ hour for all three types is about 0.08 calory. 668  METABOLISM  OF  S  AND  R  PIVEUMOCOCCUS 
For Type I  the energy from respiration is 0.259 calory, or three times 
that  from glycolysis.  In  Type II  the  respiratory  energy is  0.657 
calory, almost eight times that for glycolysis.  In Type III the energy 
from respiration is 0.465, six times that from glycolysis.  For all three 
types, the energy derived from respiration is far in excess of that which 
is derived from anaerobic glycolysis. 
If we compare the values for oxygen consumption by the Pneumo- 
coccus with values found for a  human strain  (H37)  of the tubercle 
bacillus,  and for mammalian tissues, the difference is quite striking. 
In Table VII, a, are  condensed the  values for  respiration  obtained 
in the work recorded here, and the values obtained for the tubercle 
bacillus by Loebel, Shorr, and Richardson (7), for rat kidney by War- 
burg,  Posener and Negelein (6),  and for dog muscle by Richardson, 
Shorr, and Loebel (8). 
TABLE  VII,  a 
Comparison of Oxygen Consumption by Pneumococcus Types I, II, and III with 
That of Tubercle Bacillus and of Mammalian Tissues 
Oxygen consumption per rag. dry weight per t hr. in c. mm. 02 
Type  I 
54 
Pncumococcus 
Type II 
137 
Type III 
97 
I Human (H 37) 
tubercle 
bacillus 
Rat kidney 
11 
Dog rauscle 
1.5 
From Table VII, a, it is seen that the respiratory metabolism of the 
Pneumococcus is much greater than that of another pathogenic organ- 
ism,  the  tubercle bacillus,  or  of normal mammalian tissue  such  as 
kidney and muscle.  The respiration of Pneumococcus Type I, which 
is the least intense of the three types studied, is thirteen times as great 
as that of the tubercle bacillus, while that of Type II, the most intense, 
is thirty-four times as great.  Pneumococcus Type II consumes al- 
most 100 times as much oxygen as does dog's muscle. 
H.  Studies on "R"  Forms of Pneumococcus Derived from Types I, II, 
and III 
It becomes of great interest to study the effects upon metabolism 
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from the Pneumococcus.  In Tables VIII, IX; and X  are given the 
results of such studies upon the R  forms derived from Pneumococcus 
Types I, II, and III respectively. 
Table VIII shows that  Pneumococcus R  I  utilizes  on  the average 
114  c.mm.  O,  per  rag.  dry weight  of bacteria  per ½ hour.  In  the 
TABLE  VIII 
Respiration, Anaerobic, Aerobic Glycolysis of Pneumococcus R I* 
Experiment No. 
Average... 
Time ih mln. 
30 
30 
30 
30 
30 
Respiration per 
m~. dry weight 
bacteria in 
c.mm.  Os 
132 
119 
100 
104 
114 
Anaerobic 
glycolysis  per 
rag. bacteria in 
c.mm. CO~ 
230 
177 
210 
180 
199 
Aerobic 
glycolysis per 
rag. bacteria in 
c.mm. CO2 
Oxidation 
quotient 
5.4 
* The terms R I, R II, and R III, as used in this paper indicate the rough forms 
of Pneumococcus derived from S strains of Pneumococcus Types I, II, and  III, 
respectively. 
TABLE  IX 
Respiration, Anaerobic, and Aerobic Glycolysis of Pneumococcus R II 
Anaerobic  Aerobic 
Respiration per  glycolysis  per  glycolysis per  Oxidation 
Experiment No.  Time in mln.  rag. bacteria in  rag. bacteria in  rag.  bacteria in  quotient 
c.mm. 02  c.mm, C02  c.mm. CO2 
1  30  115  167  0 
2  30  134  208  4 
3  30  113  200  0 
4  30  97  182  0 
Average ....  30  115  189  --  4.8 
same period the anaerobic lactic acid production expressed in c.mm. 
CO, is 199 (0.796 mg. lactic acid).  Aerobically there is no glycolysis. 
The oxygen consumed suffices to completely suppress  the formation 
of lactic acid.  The oxidation quotient of Meyerhof is 5.4. 
Table IX shows that  Pneumococcus R  II consumes  115  c.mm.  O, 
per mg.  bacteria in ½ hour.  This organism,  in the same time, in the 670  METABOLISM  OF  S  AND  R  PIVEUMOCOCCUS 
absence of oxygen has  a  lactic acid producing capacity of  189, ex- 
pressed in c.mm. CO, (0.757 rag. lactic acid).  There is no lactic acid 
production  in  the  presence of  oxygen.  The  oxidation  quotient  of 
Meyerhof is 4.8. 
Pneumococcus R  III (Table X) utilizes per rag. bacteria in ½ hour 
53  c.mmo 02.  In the absence of oxygen the glycolysis expressed in 
c.mm. CO2 is 208 (0.832 rag. lactic acid) per rag. bacteria.  There is a 
marked  glycolysis  aerobically,  61  (0.244  rag.  lactic  acid) per  rag. 
bacteria.  The oxidation is not sufficiently high to completely  suppress 
the production of lactic acid.  The latter is depressed only 71 per cent 
by the respiration. 
TABLE  X 
Respiration, Anaerobic, and Aerobic Glycolysis of Pneumococcus R III 
Respiration  Anaerobic  Aerobic  Depression 
Experiment No.  Time  in mln.  per nag.  glycolysis  per  glycolysis  per  of lactic add  Oxidation 
bacteria in  rag.  bacteria in rag. bacteria in  by O=  quotient 
c.mra. Oz  c.mm.  COs  c.mm.  CO= 
30 
30 
30 
30 
49 
60 
48 
56 
222 
204 
224 
184 
73 
57 
52 
62 
67 
72 
77 
66 
Average..  30  53  208  61  71  8.0 
TABLE  XI 
Comparison of Respiration and Glycolysis of Pneumococcus R  I, R II, and R III 
Depression  of  Pneumococcus  Respiration in  Anaerobic  glycolysis  Aerobic glycolysis  glycolysis  by 
c,mm, O~  in c,mm. CO*  in c.mm. COs  respiration 
lOer cent 
R  I  114  199  0  100 
R  II  115  189  0  100 
R  III  53  208  61  71 
For  the  purpose  of  comparing  the  respiration  and  glycolysis of 
Pneumococcus R I, R II, and RIII, the results shown in Tables VIII, 
IX, and X are condensed in Table XI. 
It is apparent (Table XI) that the R  form derived from Type III PHILIP  ]HNKLE  671 
differs from similar forms derived from Types I and II in two respects, 
first, its capacity for respiration is considerably lower than that of the 
other two types; and second, it exhibits a  marked aerobic glycolysis 
which is absent in R I and R II.  The respiration is apparently too low 
to suppress aerobic glycolysis. 
Although the ability to cause glycolysis is quite constant for all the 
R  forms regardless of type of Pneumococcus from which they are de- 
rived,  there  is  no  such uniformity in  respiratory  activity.  RIII 
possesses about 46 per cent of the respiratory capacity of R I and R II. 
Energy Set Free from Respiration and Glycolysis 
If we calculate the energy set free in respiration and in glycolysis, we 
find (Table XlI), that for R I  and R II there is 0.545 calory derived 
TABLE  XII 
Energy Derived from Respiration and Anaerobic Glycolysis of Pneumococcus R I, 
R II, and R III 
Energy in calories per rag. bacteria  Energy in calories per rag. bacteria per i hr. respiration  per ½  hr. anaerobic glycolysis 
Pneumococcus 
R  I  0.545  0.103 
R  II  0.545  0.098 
R  III  0.254  0.108 
from respiration; more than five times the energy derived from glycoly- 
sis, which is 0.10 calory.  The energy derived from respiration in the 
case of RIII is 0.254 or about 50 per cent of that found for R I and R II. 
In all three R  forms there is considerably more energy derived from 
respiration than from glycolysis. 
To indicate more clearly the alterations in metabolism which take 
place on transformation of S to R forms of Pneumococcus  the results of 
the foregoing experiments are condensed in Table XlII. 
It is interesting to note (Table XlII) that the metabolism of the S 
forms of Types I  and III is altered when they are converted to the R 
forms.  When the S form of Type I, whose capacity for aerobic gly- 
colysis is high (38 per cent of that for anaerobic glycolysis), is con- 
verted to the R  form, it loses the power of aerobic glycolysis.  The 672  METABOLISM  OF S AND  R  PNEUMOCOCCUS 
respiration, which is 54 c.mm. O2 per mg. per ½ hour for the Type I, is 
increased, in the R  I  to 114, an increase of 110 per cent.  For Type 
IIIa change of the opposite character takes place.  When the S form, 
which does not possess the capacity for aerobic glycolysis, is converted 
to the R  form, it acquires a marked power to cause glycolysis aerobi- 
cally.  The aerobic glycolysis is almost 30 per cent of the anaerobic 
glycolysis.  The respiration, which for the S form is 97 c.mm. 02 per 
mg. per ½ hour is decreased to 53 c.mm. 02 for the R form, a  decrease 
of 44 per cent. 
In the case of Type II, there is no change in the capacity for aerobic 
glycolysis, when the S form is converted to the R form.  Neither form 
TABLE  XIII 
Comparison of Respiration and Glycolysis between S and R Pneumococcus 
Anaerobic glycolysis per nag.  Aerobic  glycolysis  per rag. 
Respiration per rag. per ~ hr. in c.mm. Os  per t hr. in c.mm. C02  per i hr. in c.mm. CO~ 
Pneumococcus  S  R  S  R  S  R 
types 
I  54  114  153  199  58  0 
II  137  115  163  189  0  0 
[II  97  53  149  208  0  61 
effects glycolysis in the presence of oxygen.  The respiration for the 
R form is increased about 20 per cent over that for the S form. 
In the case of all three types the anaerobic glycolysis of the R form 
is higher than that of the S forms by about 25 per cent on the average. 
DISCUSSION 
For those strains studied, the capacity of the S form of Pneumococ- 
cus to respire varies with the type.  It was found in the study of the S 
forms that under identical conditions, Type II Pneumococcus utilizes 
137  c.mm.  02 per rag. bacteria, Pneumococcus III 97 c.mm. 02, and 
Pneumococcus 1 54 c.mm. 02.  The respiration of Type I is 56 per cent 
of that of Type III which in turn is 71 per cent of that of Type II. 
Type I  differs from the other two types in that it, alone of the three, 
can effect glycolysis of glucose in the presence of oxygen. 
The distinction among the three types was first made on an immuno- PHILIP  FINKLE  673 
logical basis.  Subsequently, Avery and Heidelberger (1)  found that 
in the virulent state each type of organism was made up of an immuno- 
logical  species-specific nucleoprotein portion,  and  a  polysaccharide 
present in the capsule, which is chemically distinct and immunologi- 
cally specific for each type. 
From these studies it is evident that the distinction among the three 
types is manifested also in the metabolism of each type.  Furthermore, 
it is evident from the fact that Type I  effects glycolysis even in the 
presence of oxygen, that it is a facultative aerobe only, and the possi- 
bility suggests itself that the more ideal condition for growth and activ- 
ity of the organism may be anaerobiosis in the presence of sugar. 
The present studies show that when Pneumococcus Type I  is con- 
verted to the  rough form, its capacity for respiration  increases  110 
per cent, with an increase of 92 per cent in anaerobic glycolysis.  The 
capacity for aerobic glycolysis is apparently lost.  Pneumococcus R I, 
in the presence of oxygen and glucose, oxidizes the glucose, not splitting 
any part of it to lactic acid. 
In the case of Type II, the conversion of the S to the R form results 
in a 16 per cent diminution in the capacity for respiration, and a 20 per 
cent increase in anaerobic glycolysis.  R  II, as is the case for the S 
form from which it is derived, does not effect glycolysis aerobically. 
When Pneumococcus  Type  III is converted to the R form, the capacity 
for respiration is diminished  45 per cent, and the capacity for anaerobic 
glycolysis is increased 40 per cent.  The R form derived from Type III 
assumes the capacity to cause glycolysis aerobically, a  function not 
present in its S form. 
When the S forms of Pneumococcus become transformed into the R 
forms they lose their immunological type specificity.  The chemical 
basis for these changes has been elucidated by the work of Avery and 
Heidelberger.  They have shown that the change is accompanied by 
a  loss of the type-specific capsular polysaccharide, the resulting  R 
forms consisting of a  nucleoprotein portion,  ~ without apparent type 
specificity.  Although the R forms exhibit common species specificity, 
2 Recently W. S. Tillett and T. Francis, Jr. (J. Exp. Med., 1930, 52, 561) have 
shown that there is another fraction, probably a nitrogenous sugar, present in the 
body of the Pneumococcus, common to the R forms derived from the three types. 
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there may be chemical differences among the R  forms derived respec- 
tively from Types I, II, and III. 
The present studies show that these changes from S to R forms are 
made manifest also by changes in metabolism.  Type I,  capable of 
anaerobic activity (that is glycolysis) even in the presence of oxygen, 
loses this function when converted to the non-virulent form.  Type 
III, on the other hand, incapable of anaerobic activity in the presence 
of oxygen, assumes this function when it changes from the S to R form. 
For Type II, alone of the three types, there is no change in capacity 
for  anaerobic activity in  oxygen on  conversion from S  to  R  form. 
There is a  change in the intensity of respiration and glycolysis, but 
only in such a way that the respiration is still of sufficient intensity as 
compared to glycolysis to suppress all aerobic gtycolysis. 
In these changes in metabolism we have what would appear to be 
the conversion of cells exhibiting the carcinoma type of metabolism 
to cells with the normal type of metabolism; and also the reverse of 
this.  Furthermore the newly acquired characteristic is transmitted. 
Pneumococcus  Type I, with metabolism of the carcinoma type, when 
converted to the R form becomes a cell with metabolism of the normal 
cell type, which transmits  this  new  characteristic.  Pneumococcus 
Type III, with metabolism of the normal cell type, when converted 
to the R form becomes a cell with metabolism of the carcinoma type, 
and again the new characteristic is transmitted. 
The fact that there is a difference between the metabolism of Pneu- 
mococcus RIII and that of the other two R forms would not be consist- 
ent  with  any  assumption  that  the  chemical  constitution of  these 
cells (Pneumococcus RIII) is the same as that of R I and R II.  The 
fact that the metabolism is practically the same for the R  forms of 
Pneumococcus I  and II need not necessarily mean that their chemical 
structures are alike. 
It is interesting  to observe that among the strains studied, it was 
possible to identify the R form derived from SIII, by the fact that of 
all the R forms studied only those derived from SIII exhibited aerobic 
glycolysis. 
SUMMARY 
In the present paper are given the results of studies on the respira- 
tory and glycolytic metabolism of Pneumococcus Types I, II, and III, rH~n'  r~XL~  675 
and of the R forms derived from these.  The metabolism of the S and 
R  forms are compared, and the relationship between changes in viru- 
lence, changes in chemical constitution, and changes in metabolism 
is discussed. 
1.  There is no respiration in Ringer solution unless sugar is added. 
2.  The pH (7.8) that is optimal for growth of pneumococcus is also 
the pH at which the maximum respiration occurs. 
3.  The intensity of respiration varies with type in the strains used. 
The respiratory capacity of Type I is 56 per cent of that of Type III, 
which in turn is 71 per cent of that of Type II. 
4.  The anaerobic glycolysis is approximately the same for all three 
groups. 
5.  Pneumococcus Type I is capable of aerobic glycolysis. 
6.  Pneumococcus  Types  II  and  III  do  not  effect  glycolysis 
aerobically. 
7.  The energy set free in respiration is considerably greater than 
that set free in glycolysis. 
8.  The oxidation quotient for lactic acid is of the same order as found 
by Meyerhof in muscle and by Warburg for mammalian tissues. 
9.  The respiratory capacities of Types I  and III are changed on 
conversion of the smooth to  the rough form.  (a)  For Type I  the 
respiration is increased 110 per cent.  (b)  For Type III the respiration 
is  diminished 45  per  cent.  (c)  For Type II there is  only a  slight 
diminution in respiratory activity (16 per cent). 
10.  The anaerobic glycolysis is increased about 25 per cent on the 
average for all R forms irrespective of type derivation. 
11.  Type I on being converted to the R form, loses its capacity for 
aerobic glycoIysis. 
12.  Type III, on being converted to the R form, gains the capacity 
for aerobic glycolysis. 
13.  The  oxygen  consumption  by  Pneumococcus  compared  with 
that of the human tubercle bacillus and of mammalian tissue, for the 
same time intervals, weight for weight, is as follows:  (a)  Pneumococ- 
cus Type I consumes thirteen times as much oxygen as does the tuber- 
de bacillus (H37).  (b)  Pneumococcus Type II consumes thirty-four 
times as much oxygen as does the tubercle bacillus.  (c)  Pneumococ- 676  METABOLISM OF  S  AND  R  PNEUMOCOCCUS 
cus  Type II  consumes over twenty times as  much oxygen as  does 
isolated rat kidney tissue, and almost 100 times as much oxygen as does 
isolated dog muscle. 
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